Electropolymerization of anthranilic acid/pyrrole (AA/PY) at solid substrate electrodes (platinum, gold, and glassy carbon) gave stable and water-insoluble films under a wide range of pH. Combining high conductivity of the polypyrrole (PPY) and pH independence of the electrochemical activity of the self-doped carboxylic acid-substituted polyaniline allows us to prepare an improved functionalized PPY-modified electrode to collect and measure Cu(I) species. The differential pulse stripping analysis of the copper ions using a polyanthranilic acid-co-polypyrrole (PAA/PPY)-modified electrode consisted of three steps: accumulation, electrochemical reduction to the elemental copper and stripping step. Factors affecting these steps, including electropolymerization conditions, accumulation and stripping medium, reduction potential, reduction time and accumulation time, were systematically investigated. A detection limit of 5.3 × 10 -9 M Cu(I) was achieved for a 7.0 min accumulation. For 12 determinations of Cu(I) at concentrations of 1.0 × 10 -8 M, an RSD of 3.5% was obtained. The log Ip was found to vary linearly with log[Cu I ] in the concentration range from 7.0 × 10 -9 to 1.0 × 10 -5 M.
Introduction
Stripping analysis is a particularly useful technique for measuring heavy metals. A principal difficulty in the anodic stripping voltammetry (ASV) by the mercury electrodes is the problem of resolution of overlapping peaks. [1] [2] [3] Therefore, many efforts have been made to develop modified electrodes to determine metals by the ASV method. High sensitivity and judicious choice of the modifier used in the chemically modified electrodes (CMEs) and control of the potential in the voltammetry make them well suited for development of a highly selective monitoring technique for metal ions in the environment. [4] [5] [6] [7] [8] [9] [10] [11] Enhanced selectivity can, in principle, be achieved by preconcentrating the analyte species of interest from the sample matrix onto the electrode surface.
This enables us to preconcentrate the analyte and separate it from the interfering ions simultaneously. [12] [13] [14] Also, because no sample preparation is involved, determinations using CMEs can be more rapid than those nonselective techniques.
Monolayer adsorption, covalent attachment, polymer modification and composite formation are some processes which can act as a means of immobilizing the modifier on the electrode surface. 2, [15] [16] [17] Of interest here is electropolymerization, which is a convenient procedure for enhancing the electrode performance and has found widespread applications. [18] [19] [20] [21] Electropolymerization of the various functionalized monomers can lead to the modified electrodes having the properties of the target analyte accumulation. As an example, the crown etherfunctionalized polypyrrole-modified electrode, while retaining the conductivity of the polypyrrole matrix exhibited the alkali metal cation recognition. 22 Cha and Abruna studied the modified electrodes with ligands of varying coordination strength for determination of the Cu I species. 6 Polypyrrole-N-carbodithioate modified electrode was employed for determination of the copper ions by O'Riordan and Wallace. 11 The polypyrrole modified electrodes bearing some complexing ligands were used for the extraction and selective determination of the Cu II and Cu I species by Shiu et al. in a voltammetric analysis. 14 These studies have indicated that factors such as the formation constant, stoichiometry and the structure of the complex, do affect the electrochemical response of the modified electrodes. The feasibility of using the pyrocatechol violet loaded polypyrrole modified electrode for the efficient extraction of the traces of the copper species has been reported by Nateghi et al. 23 It was found that the background current due to the egress-ingress of doped anions can be reduced by dipping a polymer modified electrode doped with the small counter ions into a blank solution containing the large anions. However, it seems this background current can be reduced more effectively if the self-doped functionalized polymers are used as the recognizing agent on the surface of the electrodes.
In the present study, we report the development of an electrochemical technique for the detection of the Cu(I) ions using the self-doped PAA/PPY copolymer-modified electrode. AA has been used for the detection and determination of Cd II 24 It usually gives metal complexes at pH 4.5 -6.0. Only the copper complex is formed at pH 2.8 and hence the reagent is useful for the selective determination of the copper in the presence of the above metals. Although the 563 ANALYTICAL SCIENCES MAY 2007, VOL. 23 2007 © The Japan Society for Analytical Chemistry copolymerization of AA with pyrrole has not been reported in the literature, it structurally should be copolymerizable, since the copolymerizations of aniline with pyrrole are known to occur. 25, 26 Combining high conductivity of the polypyrrole and low background current related to the electrochemical activity of the self-doped carboxylic acid-substituted polyaniline [27] [28] [29] allows us to prepare an improved functionalized PPY-modified electrode to collect and measure copper ions in the real samples selectively.
Experimental

Reagents and chemicals
All chemicals were of analytical reagent grade and were purchased from Merck. Pyrrole was distilled under reduced pressure before use and was kept in -10˚C far from the light. AA, hydroxyl amine hydro chloride and trichloro acetic acid were used as received without further purification. Cu(I) solutions were prepared by reducing a copper sulfate solution by the addition of hydroxyl amine hydro chloride in a five-fold excess. Doubly distilled water was used throughout. Acetate buffer was prepared by adjusting the pH of 0.2 M trichloro acetic acid solution using sodium hydroxide to the desired pH.
Procedure
Electrochemical synthesis of all the polymers was performed at a constant potential that varied from 0.8 to 1.0 V vs. Ag/AgCl for 1500 s on a preconditioned gold electrode. The thickness of the polymer layer was estimated to be about 214 nm by measuring the charge passing through the solution of polymerization. The copolymerization solutions consisted of a 10% v/v of acetonitrile-water as the solvent, and 0.02 M pyrrole and 0.0125, 0.025, 0.05, 0.075 and 0.1 M AA as the monomers. Since the anion that resulted from dissociation of AA was the only anion present in the solution, it was incorporated in the growing cationic copolymer film as the charge-balancing counter anion. Pure PPY and PAA were prepared similarly in the solutions containing only one of the above monomers. Before polymerization, the solutions were deoxygenized by purging with nitrogen, and polymerization was carried out under a nitrogen blanket. Chemical polymerization of AA, PY and AA/PY was carried out by oxidation of the monomers with 0.1 M ammonium persulfate as oxidant for 24 h in acetonitrile/water solvent. To convert the polymers into their free bases, the polymers were suspended in 0.05 M NH4OH solutions for ca. 24 h. The mixture was filtered and then dried for several hours. Base forms of the polymers were used for spectroscopic studies.
Differential pulse stripping analysis consisted of three steps: accumulation, electrochemical reduction to the elemental copper and anodic stripping. Electropolymerization conditions and factors affecting these steps, including accumulation medium, stripping medium, reduction potential, reduction time, and accumulation time, were systematically investigated, and an optimized procedure was developed.
Apparatus
An electrochemical analyzer (Model 746, Metrohm) and a three-electrode system consisting of a polymer-modified gold electrode (3 mm diameter), a platinum auxiliary electrode and an Ag/AgCl reference electrode saturated with KCl were used for measurements. The pH measurements were made with a M-12 pH meter from Horiba. The IR spectra were recorded using a Shimadzu 470 instrument by the KBr pellet technique.
Results and Discussion
In order to establish that the material on the surface of the electrode is a copolymer rather than a mixture of homopolymers, we compared the IR spectrum of the copolymer with that of a 1:1 mixture of homopolymers. As it can be seen from Fig. 1 , the C=C (1552 cm -1 ) and C=O (1683 cm -1 ) absorption peaks in 1:1 mixture are identical with those that appear in the homopolymer spectra, whereas in the copolymer these peaks have shifted to 1588 and 1665 cm -1 , respectively. The homo and copolymers were studied by IR, 1 H-NMR, EPR, DSC and UV-Vis spectroscopic techniques and the results are reported elsewhere.
Preliminary experiments were performed using Pt, glassy carbon and gold electrodes. In all cases, film formation on the 564 ANALYTICAL SCIENCES MAY 2007, VOL. 23 surface of the electrode could be visually observed. However, the gold electrode was superior in terms of the film formation, and adherence of the film to the electrode. A uniform goldenbrown film was clearly visible on the electrode surface. We qualitatively tested the adherence of the films by rubbing freshly prepared films on a piece of filter paper. For the film obtained on gold substrate, much less of the film was removed after light rubbing. The abilities of the electrodes modified with PPY, PAA and PAA/PPY polymers for accumulating Cu(I) were investigated by immersing the prepared electrodes into a the stirred trichloro acetic acid solution containing Cu(I) for a fixed time period, followed by stripping in identical buffer blank solution (Figs. 2  and 3) . Results showed that the copolymer-modified electrode gives sharp and large anodic stripping peaks, indicating strong accumulation of Cu(I). A well-defined anodic stripping peak with the peak potential of +317 mV appeared after accumulation in a 1.0 × 10 -5 M solution of the copper ions (Fig.  2b) . Accumulation of Cu(I) resulted from the complexation of Cu(I) by ortho carboxylic acid-amine groups attached to the polymer backbone of PAA/PPY copolymer. The mechanism for accumulation and anodic stripping is outlined as below: From Fig. 2 it is clear that the copolymer modified electrode does not show an obvious cyclic voltammetric peak between -200 and +520 mV when it is immersed in trichloro acetic acid buffer solution. Therefore the electroactivity of the film lies out of this analytical potential window. By this way we will be able to overcome the major problem of high background currents typically encountered at modified polymer electrodes without loss of conductivity. On the other hand, use of completely overoxidized PPY film for accumulation of metal ions is another way to overcome high background current 30 but because the resistance of the film increases dramatically, the anodic stripping voltammetric peak of accumulated ions shifts to more positive potentials, which is not favorable from the view point of interference effects and the peak width at half height.
The response of the modified electrode was also examined against the Cu(II) ions. The resulting peak current was smaller than that of Cu(I) under the identical conditions. This can be related to the more efficient extraction of Cu(I) ions into the copolymer film coated on the surface of the electrode. Then, hydroxyl amine hydro chloride was used as the reductant reagent in excess amount to convert the Cu(II) species to the Cu(I) in the analytical solutions.
Optimization of conditions for Cu(I) analysis
Factors affecting the steps of Cu(I) analysis, including the upper potential of the polymerization, monomers feed ratio, polymerization time (which is the measure of the polymer thickness), accumulation time, reduction potential and stripping medium, were systematically investigated and an optimized procedure was developed.
It is not desirable to increase the potential above 1.0 V because the polymer synthesis would proceed simultaneously with its degradation. 31 On the other hand, the copolymer synthesized at potentials lower than 0.9 V showed a lower peak current of Cu(I) than the films electropolymerized at higher potentials. This can be related to a lower contribution of AA in the formed copolymer and the lower self-doping process. An upper potential of 0.9 V was found to be sufficient to synthesize the optimal self-doped copolymer.
The copolymer was synthesized by potentiostatic copolymerization of AA with PY at various molar fractions of AA in the feed. In the case of high mole ratio of AA/PY, the thickness of the polymer coated on the surface of the electrode at a given time of polymerization was decreased and more complexing sites were provided by thinner films. Obviously, this led to a large stripping peak current of Cu(I) due to more efficient accumulation and also a thinner film provides less resistance which favors higher electrochemical stripping currents (Fig. 4) . Additional support for an optimum range of the film thickness was obtained by studying the effect of polymerization time. In the cases of times lower than 900 s and 565 ANALYTICAL SCIENCES MAY 2007, VOL. 23 higher than 1500 s, the stripping peak height decreased. The decrease at the short times was attributed to a thinner film with fewer complexing sites, while that at long times was due to increased resistance with the thicker films.
The dependence of the stripping current on accumulation time was studied for times from 3 to 15 min for an initial Cu(I) concentration of 0.1 μM (Fig. 5) . Clearly, the larger stripping peaks were obtained at higher accumulation times. Also it can be observed that at times shorter than 7.0 min the peak current decreases rapidly and with increasing the accumulation time longer than 7.0 min it increases slowly. The absence of any current plateau implied that no saturation of complexing sites occurred.
The influence of the reduction potential in the range of 0.0 --500 mV on the stripping peak current was investigated and -200 mV was used as the initial potential of anodic potential scan. A reduction potential more positive than -200 mV may not be sufficient for optimum reduction of Cu(I) to the elemental copper, especially at low concentrations. On the other hand, too negative reduction potentials would have a large effect on the resistance of the polymeric film and would lead to the Cu(I) oxidation peak shifting to more positive potentials. The reduction time was also investigated as a factor affecting the stripping peak current. We found no need to stay in the -200 mV reduction potential for a given time, since it had no observable effect on the stripping current. This may be due to having sufficient time to reduce Cu(I) during a potential sweep from -200 mV, which is sufficiently negative to reduce Cu(I) ions.
Calibration
Cu(I) determination was carried out according to the threestep procedure as described earlier.
The logarithm of differential pulse anodic stripping peak height was found to vary linearly with the logarithm of Cu(I) concentration in the range from 7.0 × 10 -9 to 1.0 × 10 -5 M (Fig. 6) . A detection limit of 5.3 × 10 -9 M Cu(I) was realized for a 7.0 min accumulation. This end point may be limited by the background level of copper in the reagents employed. The relative standard deviation for 12 determinations of 1.0 × 10 -8 M Cu(I) was 3.5%. KNO3, KCl, and trichloro acetic acid buffer (pH 2.5), all at 0.2 M, were tested as media for reduction and stripping of accumulated Cu(I). The medium which has been commonly used in previous works 6, 14, 23 for complexation of Cu(I) with ligands incorporated in polymer matrix was acetic buffer at pH 2.0 -2.5. In order to avoid of effect of other possible interfering ions, we used trichloro acetic acid buffered at pH 2.5 as accumulation and stripping medium. It must be noted that, at pH values greater than 2.8, selective complexation of Cu(I) by AA diminishes. 24 For lower pH values, hydrogen ions will compete with the metal ions during the complexation process. The preferred medium was trichloro acetic acid, because this gave the most reproducible stripping peak current. For the determination of 1.0 × 10 -6 M Cu(I) with 7.0 min accumulation time under the optimized conditions, the presence of 1.0 × 10 -5 M Ag(I), Cd(II), Co(II), Cr(III), Fe(III), Ni(II), Pb(II), Hg(II) or Zn(II) gave no observable interference. In order to evaluate the performance of the modified electrode in practical analytical work, we used it for the determination of the copper ions in local well water samples using the standard addition method and optimized conditions realized above. The test solutions were prepared by pipeting 10.0 ml of water sample into a 50 ml volumetric flask and then adding trichloro acetic acid buffer solution to the mark. The value obtained for the copper ions in the sample was 3.13 × 10 -6 M with a relative standard deviation of 4.8% for three replicate measurements and is comparable with the value obtained by AAS ((3.09 ± 0.07)× 10 -6 M). The good agreement between the copper concentration resulting from our method and total copper concentration from AAS implies that the most probable competing ligands present in the real sample solutions, such as humic and fulvic acids, have no significant effect on the analytical current signal. It is probably due to this fact that the humic substances do not have a potential high enough to form complexes with copper ions at low concentrations in acidic medium. 32 In spite of this, the total copper concentration was measured voltammetrically after irradiation of the analysis sample with ultraviolet light to decompose the organic ligands like humic and fulvic acids. The result was comparable with the result obtained by AAS. ions. It is based on the use of copolymer films that incorporate both a redox center and a ligand site covalently attached through the polymer backbone. Combining high conductivity of PPY and pH independence of the electrochemical activity of the selfdoped carboxylic-acid substituted polyaniline allows us to prepare an improved functionalized PPY-modified electrode to collect and measure copper ions. Preparation of this modified electrode is much simpler than those cited in the literature with similar characteristics. 33 Also it was shown that one can reduce the background current due to egress-ingress of doped anions by self-doping process without increasing the resistance of the polymeric film. Our previous studies suggested that this background current can be reduced by dipping the modified electrode into a stripping solution containing large anions. However, lower detection limit achieved by the self-doped polymer-modified electrode in comparison with the pyrocatechole violet-loaded polypyrrole electrode indicates that reducing the background current is carried out more effectively by the self-doping process. 23 High selectivity can be achieved by adjustment of accumulation solution pH to lower than 2.8, which favors the conditions for the selective accumulation of the copper ions in the presence of possible interferences. The linear range of more than three orders of magnitude up to 1.0 × 10 -5 M is much more than the linear ranges exhibited by most methods and from the view point of detection limit is comparable with other reported ASV measurements. [34] [35] [36] 
Conclusions
